A global resurgence of bed bugs (Hemiptera: Cimicidae) has led to renewed scientific interest in these insects. The current bed bug upsurge appears to have started almost synchronously in the late 1990s in Europe, the U.S.A. and Australia. Several factors have led to this situation, with resistance to applied insecticides making a significant contribution. With a growing number of insecticides (DDT, carbamates, organophosphates etc.) being no longer available as a result of regulatory restrictions, the mainstay chemistry used for bed bug control over the past few decades has been the pyrethroid insecticides. With reports of increasing tolerance to pyrethroids leading to control failures on the rise, containing and eradicating bed bugs is proving to be a difficult task. Consequently, several recent studies have focused on determining the mode of action of pyrethroid resistance in bed bug populations sourced from different locations. Correct identification of the factor(s) responsible for the increasing resistance is critical to the development of effective management strategies, which need to be based, wherever possible, on firm scientific evidence. Here we review the literature on this topic, highlighting the mechanisms thought to be involved and the problems currently faced by pest control professionals in dealing with a developing pandemic.
Introduction
Bed bugs are haematophagous sucking insects, feeding exclusively on blood. They have been a persistent and despised pest of humans, as referenced over 4 millennia of recorded narratives dating back to medieval European texts, classical Greek writings and the Jewish Talmud. More tangible evidence of their long association with man was discovered in the 1990s, when archaeologists excavating a 3550-year-old workmen's village at el-Amarna in Egypt found fossilized bed bug remains (Panagiotakopulu & Buckland, 1999) . Two species regularly feed on humans: the common (or temperate) bed bug, Cimex lectularius (Linnaeus 1758), (Fig. 1, top panel) and the tropical bed bug, Cimex hemipterus (Fabricius, 1803) . In the absence of humans, both species will feed on mice, rats, chickens and other warm-blooded animals (Rozendaal, 1997) . Bed bug nymphs develop through five nymphal instars and each instar must have at least one bloodmeal Correspondence: Thomas G. Emyr Davies, Insect Molecular Biology Group, Rothamsted Research, Harpenden, Herts AL5 2JQ, U.K. Tel.: +44 1582 763133; Fax: + 44 1582 760981; E-mail: tdavies@rothamsted.ac.uk before they moult and develop into the next instar, although they may feed multiple times if hosts are readily available (Harlan, 2010) . Adults must also feed periodically to reproduce (Reinhardt & Siva-Jothy, 2007; Harlan, 2010) . Adult males will mainly direct their sexual interest at recently fed adult females (Reinhardt & Siva-Jothy, 2007) . Feeding behaviour coincides with periods of minimal host activity, such as when the host is asleep. An adult bed bug fully engorges with blood from its host in 10-20 min, after which it ceases feeding and disengages from the host (Usinger, 1966) . Subsequent to feeding, bed bugs will not require another bloodmeal for at least a week. In the absence of hosts, nymphs and adults can live, without feeding, for several weeks or months (Harlan, 2007) . Females lay one or two eggs every day, and each female may lay 200-500 eggs in her lifetime, which may be 6 months or longer (Harlan, 2006) . Consequently populations can increase quickly, with infestations of 4-200 individuals being the norm (Quarles, 2007) . The common bed bug, C. lectularius, is found widely distributed in temperate and sub-tropical regions of the world whereas the tropical bed bug C. hemipterus is distributed broadly throughout tropical and sub-tropical regions, both north and south of the equator (Bonnefoy et al., 2008) . This climatic predilection is reflected in the fact that C. hemipterus requires a higher average temperature than C. lectularius for its normal development and biological functions (Bonnefoy et al., 2008) . Up until the Second World War and the advent of modern insecticides such as DDT, bed bug infestations were rampant, and bed bugs were generally considered as an accepted nuisance pest, as their extermination was difficult and many treatments were often as hazardous to people as to the pests (for a comprehensive review of treatment methods employed see Potter, 2008a) . In London, in 1930, one-third of the population (approximately 4 million people) was estimated to be affected by the common bed bug (Usinger, 1966; Cornwell, 1974) and a similar rate of infestation was found in other major European cities at that time (Potter, 2008a) .
DDT and the pyrethroid insecticides
Before the advent of insecticides such as DDT (first introduced in 1944), powdered extracts from pyrethrum flowers (genus Chrysanthemum) were commonly used for bed bug control (Potter, 2008a) . The insecticidal effect of pyrethrum powder was first discovered in Iran; early brands of the insecticide available in the mid 1800s were marketed under either the brand name Persian Powder (extracted from Chrysanthemum coronopifolium or C. coccineum) or Dalmatian powders (extracted from C. cinerariaefolium grown in Austria), the latter products being considerably more potent and effective than their Middle Eastern equivalents (Saunders, 1879) . With the development of the highly effective organochlorine insecticides such as DDT and concerted public awareness campaigns (e.g. see UK Ministry of Health, 1934) bed bugs became relatively uncommon in the latter half of the 20th century, especially in developed countries (Busvine, 1957) . What made DDT so exceptional was its long-lasting insecticidal activity as a dry residue (Mallis, 1954) . Another attribute that helped hasten the decline in bed bug populations was the fact that DDT was relatively inexpensive (Metcalf, 1984) and its sale was not restricted, making it easily accessible to the general public (USDA, 1953) . It also did not require specialist application, as a consequence of much less stringent regulatory requirements than today (Stenburg, 1947; USDA, 1953) . It is probably true to say that the combination of a well-informed general public and the phenomenal success of DDT as a contact insecticide, means that until recently most householders and a whole generation of entomologists and pest control professionals have never seen a bed bug (Snetsinger, 1997; Reinhardt, 2008) . However, nascent populations have apparently continuously existed in the near and middle East, Africa, Central and South America and parts of Europe.
In spite of the initial effectiveness of DDT as a control agent, within 3 years of its introduction reports began to circulate that some bed bug populations had become DDT resistant. Failure to control common bed bugs was first noted in the barracks of the Naval Receiving Station at Pearl Harbour, Hawaii in 1947 (Johnson & Hill, 1948) . By the 1950s, resistance to DDT was being reported in Greece (Livadas, 1951; Livadas & Georgopoulos, 1953; Hess, 1953) , the Belgian Congo (Simmons, 1953) , Israel (Levinson, 1953; Gratz, 1959) , Lebanon (Quarterman & Schoof, 1958) , French Guiana (Floch, 1956) , Iran (Mofidi & Samimi, 1956) , Japan, Korea, OH U.S.A. and on board U.S. naval vessels (Lofgren et al., 1958) . Similar failures were also reported for tropical bed bugs in Taiwan (Chen et al., 1956) , Bombay State, India (Rao & Halgari, 1956 ), Hong Kong, Singapore (Busvine, 1957) , Gambia, Somaliland (Busvine, 1958a,b) and Poland (Brown, 1959) . Low four-fold cross-resistance to pyrethrins was also noted in C. lectularius from Israel and approximately 10-fold cross-resistance to pyrethrins in C. hemipterus from Tanzania (Busvine, 1958b) (Table 1) . By 1956, the National Pest Control Association in the U.S.A. was recommending the organophosphate malathion as an alternative insecticide. By the 1960s, bed bugs resistant to DDT were to be found worldwide (Brown & Pal, 1971 ) and this persisted well into the 1980s (WHO, 1982) . Although DDT was banned in the U.S.A. in 1972, heavy usage has continued in other countries to control disease-carrying mosquitoes within the home, with incidental control of bed bugs being a beneficial side-effect of these programmes. Continuing high levels of DDT resistance Data originally published in * Rao & Halgari (1956 ), †Chen et al. (1956 and Busvine (1958b) .
was recently confirmed in C. hemipterus from Sri Lanka (Karunaratne et al., 2007) . For the past 35 years, synthetic pyrethroids (Elliott & Janes, 1978) , whose structures are derived from the active ingredients of pyrethrum powder, have been the mainstay of chemical control (Carter, 1989) . The pyrethroids are highly effective and extremely efficient insecticides, as a result of their enhanced toxicity compared with the pyrethrins in pyrethrum (Elliott et al., 1973b) . Also unlike pyrethrum, pyrethroids have good residual effects, having much less of the photolability associated with the plant extracts (Elliott et al., 1973a) . As for DDT before them the pyrethroids have been phenomenally successful in controlling bed bug populations owing to these attributes.
Bed bug resurgence
Bed bugs have recently re-emerged with increasing numbers, distribution and intensity of infestation in many parts of the world, including South East Asia Suwannayod et al., 2010) , Japan (Hirao, 2010) , the U.K. (Boase, 2001 (Boase, , 2007b , mainland Europe (Masetti & Bruschi, 2007; Kilpinen et al., 2008; Fuentes et al., 2010; Levy Bencheton et al., 2010) , North America (Krueger, 2000; Anderson & Leffler, 2008; Potter et al., 2008a) , Canada (Hwang et al., 2005) , Australia (Doggett et al., 2004; Ryan et al., 2004; Doggett, 2007) and Africa (Gbakima et al., 2002) . In the U.S.A., the recent dramatic resurgence in bed bug infestations in 'gateway' cities such as New York, Los Angeles, San Francisco and Miami has meant that bed bugs have made front-page news in the mainstream press, including The Wall Street Journal, The New York Times and USA Today; and have been prominently featured on programmes such as The Today Show, Good Morning America and Dateline NBC. Various landmark New York premises, including the Empire State Building, Google's NY headquarters, Niketown store, Bloomingdales, the Wall Street Journal, the Waldorf hotel and the United Nations have been subject to infestation, fuelling the headline coverage. High-profile litigation cases (Maull, 2007; Miller, 2007) have also increased the media's interest in the problem.
A number of independent reports have confirmed the global nature of the bed bugs resurgence. In Freetown, Sierra Leone, in the summer of 1999 there was a very high prevalence of both common and tropical bed bugs (up to 98% of rooms infested) in camps for internally displaced persons (Gbakima et al., 2002) . In Berlin, Germany, the frequency of common bed bug infestations within households increased from 5 cases in 1992 to 76 cases in 2004 (Bauer-Dubau, 2004 . In Australia, the government's public health agency reported a 400% increase in both common and tropical bed bug occurrences, based on the number of samples submitted for identification to the Australian pathology service (Doggett et al., 2004) . The majority of the samples received by the Australian pathology service during this period originated from budget-type accommodations (motels and backpacker lodges), suggesting an influx of bed bugs from abroad as being primarily responsible for the rapid resurgence within Australia. In Malaysia and Singapore, a total of 54 sites (hotels, public accommodations and residential premises) infested with tropical bed bugs were recorded in a survey between and 2008 (How & Lee, 2009 ). In Kuala Lumpur, a major transport hub for South East Asia, bed bugs were found almost exclusively in hotel accommodation (39 reports), with only two reports of infestations occurring in privately owned residences.
In 2006, Australian pest managers were surveyed to gauge the true extent of the bed bug resurgence. All states within Australia reported a dramatic rise in numbers (from 158 total treatments in 2000 to 2425 treatments in 2006, based on 121 survey respondents) with an average upsurge across Australia of 4500% since 1999 (Doggett, 2007) . Within Greater London, a similar study conducted by the London School of Hygiene and Tropical Medicine found that the proportion of calls to local authority pest control teams regarding bed bugs, as opposed to other household pests, increased by an average of 24.7% per year from 2000 to 2006 in the seven London boroughs surveyed (Richards et al., 2009) . Fourteen local authorities across the UK (excluding those within the capital) also reported an increase in the number of treatments required from 280 per annum to approximately 900 per annum over the same time period (Killgerm, 2007) . In an online survey among the pest management industry within the United States of America, 91% of the 509 respondents reported having encountered bed bugs during the 2-year period . Similarly, the National Pest Management Association (NPMA), which reported 29 infestations in 18 US States in 2001, reported 600 infestations in 49 US States, 4 Canadian provinces and 4 States in Mexico in 2007. Most recently, in a 'Comprehensive Global Bed Bug Study' carried out in 2010 by the NPMA and the University of Kentucky, based on responses from nearly 1000 U.S. and international pest management companies, 95% of U.S. respondents (521 in total) indicated that they had encountered a bed bug infestation in the past year and a similar picture was seen for Canada (98%), Europe (92%) and Africa and the Middle East (90%) . By comparison, before 2000 only 25% of U.S. survey respondents reported bed bug infestations.
A population genetics study of common bed bugs sourced from from various locations in the U.S.A., Canada and Australia, with the aim of monitoring patterns of bed bug dispersal associated with the bed bugs recent resurgence in these countries, found high levels of genetic variation within each population using a mitochondrial DNA marker (variation was high even for populations within the same locality), but no genetic variation in a nuclear rRNA marker . The inheritance patterns observed supports a relatively recent resurgence event. However, the high level of mitochondrial DNA diversity observed is not typical of insect species with interbreeding populations that have undergone a genetic bottleneck as a result of insecticide selection pressure such as that applied to bed bugs in the 1940s and 1950s. This implies that the recent explosion in common bed bug populations has most probably arisen from a combination of (a) increased movement of populations across international borders, co-incidentally augmenting gene flow between previously isolated populations and (b) the rapid dispersion of populations maintained in isolation for many years on non-human hosts such as birds and bats. Both these hypotheses implicate intermixing, as opposed to expansion of haplotypes, in the bed bugs reappearance as a major human pest. The lack of a fixed haplotype for any given geographical location lends support to the hypothesis that rapid travel opportunities have facilitated population mixing. The second premise, that bed bug populations were forced to switch hosts to birds after the concerted eradication campaign with DDT insecticide (Twinn, 1946) , is also supported by recent research. It has long been suspected that resistant populations have slowly been propagating in poultry breeding facilities and that these facilities may have become geographical epicentres for the transfer of bed bugs to towns and cities. Screening of adult bed bugs collected from three poultry breeding facilities in northwest AR, U.S.A, revealed that all three facilities harboured populations exhibiting high levels of DDT resistance . Population genetic analysis further revealed that mitochondrial haplotypes are shared between poultry breeding facilities and human structures .
In both the U.S.A. Potter, 2008b) and Australia (Doggett, 2007; Doggett & Russell, 2008) bed bug infestations are increasingly being encountered in homes, shelters, schools, health care facilities, laundries, high-street clothing stores and public transport and they are becoming a major pest in the hotel and lodging industry (Baumann, 2002; Ryan et al., 2004; Anderson & Leffler, 2008) . Although active dispersal of bed bugs can occur (Wang et al., 2010) , for example by movement from one apartment or hotel room to (2007) and Potter et al. (2010) .
another via wall voids or electrical conduits, passive dispersal is the most common modus operandi. Bed bugs usually enter premises by hitchhiking on clothing, or in luggage, and infestations are mostly centred where people sleep or congregate (see Table 2 ). Significantly increased human migration both locally, nationally and internationally (Castles, 2000) and large-scale movements of military personnel involved in international conflicts (Kane, 2006) , have probably all contributed significantly to the re-appearance of bed bugs in many developed countries. The spread across international borders is borne out by the identification of C. hemipterus in the U.K. (Burgess, 2003) and Australia (Doggett et al., 2003) , where they would not normally be expected to be found. Overcrowding in cities, poor construction and the design of modern housing, more clutter and belongings in homes, an increase in the number of houses that are centrally heated, denial/lack of incident reporting by hotels and landlords, increasing trade in second-hand furniture, a greater reliance on communal laundries, unregulated sale, donation, importation and smuggling of second-hand clothing, changes in control practices for other pests that coincidentally controlled bed bug populations (e.g. cockroaches and ants are now routinely being controlled with baits rather than sprays), a worldwide increase in secondary hosts including rodents, poultry, dogs and cats and a general decline in public awareness are all factors that have probably contributed to the resurgence of bed bug populations within major towns and cities.
Psychological, social and economic impacts associated with infestations
Bed bug infestations can have adverse effects on health and quality of life. The awareness of having been bitten often creates emotional distress, anxiety, paranoia and sleeplessness in affected people (Thomas et al., 2004; Doggett & Russell, 2009) The associated lesions, manifested as raised, inflamed, reddish wheals, may itch intensely for several days inducing scratching (Goddard & deShazo, 2009) , which can in some cases lead to secondary infections by opportunistic pathogens (Ter Poorten et al., 2005) . In a recent scientific trial, it was found that fewer than 5% of people have a visible initial reaction to bed bug bites (Harrison & Lawrence, 2009) ; consequently, as a result of asymptomatic reactions the bed bugs may remain undetected and are given a chance to thrive. Repeated bites by a large number of bed bugs can cause 'sensitivity' to bed bug salivary proteins (Reinhardt et al., 2009 ) and can in extremes lead to iron deficiencies, especially in infants (Hwang et al., 2005; Pritchard & Hwang, 2009 ).
There is no substantial evidence of pathogen transmission to humans through bites, although bed bugs have been found to be naturally infected with more than 28 human pathogens (Bonnefoy et al., 2008; Goddard & deShazo, 2009 ). Household dust containing bed bug faeces and moulted shells has triggered asthma attacks in sensitized individuals (Abou Gamra et al., 1991; WanZhen & KaiShong, 1995) . Bed bug infestations in a home can cause significant social stigma and can often lead to social isolation. Economic hardship may also result, as a consequence of the cost of extermination and the perceived need to replace infested furniture (Potter, 2006) . Bed bug infestations also result in multimillion dollar costs to the hospitality industry, poultry industry and private and communal households (Reinhardt & Siva-Jothy, 2007) . Costs arise from payment for pest control, replacement of infested infrastructure, loss of productivity, adverse publicity, damage to social reputation and litigation claims. Cost of treatments within private homes using standard pesticide applications are estimated at around $500-1000 per infestation, with additional replacement costs (covering furniture, clothes, bedding, etc.) of approximately $2000 (McDonald & Zavys, 2009) . Inaction in dealing with infestations will inevitably lead to higher costs. Infestations can also result in associated costs of tens of thousands of dollars for the hotel industry and landlords of multi-apartment buildings when one takes into account the need to replace infested fittings, lost income on rooms and pest control fees (Bonnefoy et al., 2008; Pinto & Associates, Inc., 2011) . It is conservatively estimated that bed bugs cost the Australian tourism industry $75 million per annum (Miller, 2007) . Public spaces such as offices, schools, high-street shops, movie theatres and public transport can also be faced with large bills of up to $30 000 to deal with an infestation McDonald & Zavys, 2009) . Infestations can also have major impacts on the everyday functioning of essential services such as hospitals (West, 2010; Foley, 2011) .
Resistance to pyrethroid insecticides
It is clear that over the past 15 years, bed bugs have reemerged as a public health pest of concern. The discovery of widespread resistance to the pyrethroid insecticides commonly used to control bed bugs is the most likely explanation for this resurgence, although other factors have also played a part. Bed bug populations displaying pyrethroid resistance have recently been detected in the U.K. (Boase, 2006 (Boase, , 2007b Boase et al., 2006) , Australia (Lilly et al., 2009a (Lilly et al., , 2009b (Lilly et al., , 2009c , Africa (Myamba et al., 2002; Boase, 2007a) , Sri Lanka (Karunaratne et al., 2007) and the U.S.A. (Gangloff-Kaufmann et al., 2006; Moore & Miller, 2006) . High Resistance Ratios (RR) >12,765 to deltamethrin and lambda-cyhalothrin, two popular active ingredients, have been reported in C. lectularius collected from across the U.S.A. (Romero et al., 2007a (Romero et al., , 2007b .
Bed bug resistance to, or tolerance of, DDT and pyrethroids is of particular concern in malarious countries, as a major incentive for using DDT for indoor residual spraying and pyrethroid-treated bed nets for control of malaria-transmitting mosquitoes is the coincident benefit of bed bug control (Charlwood et al., 1989; Lindsay et al., 1989; Njunwa et al., 1991; Rowland et al., 1996; Temu et al., 1999) . Pyrethroidresistant bed bugs have in many cases contributed to a loss of motivation among villagers to continue treating bednets, which has resulted in an increased risk of malaria (WHO, 1997).
Mechanisms of resistance
To effectively manage bed bug populations that are resistant to pyrethroids and/or DDT, it is first necessary to elucidate the resistance mechanisms involved. These may be increased metabolic detoxification by cytochrome P450s, glutathione transferases (GSTs) or esterases (Li et al., 2007) and/or decreased sensitivity of voltage-gated sodium channels (VGSCs). Voltage-gated sodium channels play a vital role in the generation and propagation of action potentials in insect neurons and are the primary target of the pyrethroid insecticides and of DDT Dong, 2007) . Any one of a number of inherited nucleotide polymorphisms within the VGSC (Fig. 2, top panel) can confer pyrethroid (and in some cases DDT) resistance by reducing insecticide binding.
Two mutations, conferring amino acid substitutions in the VGSC, V419L (equivalent to valine 410 in Fig. 2 , top panel) and L925I, considered as major factors for pyrethroid resistance, were initially identified in bed bugs from New York (Yoon et al., 2008) and were subsequently found to be widespread across the U.S.A. (Zhu et al., 2010) . The sampled populations from these studies were classified into four haplotypes based on their VGSC sequence (unmodified or modified) and susceptibility to pyrethroids: haplotype A (susceptible or having non-target site resistance), haplotype B (resistant with mutation L925I), haplotype C (resistant with mutations L925I and V419L) and haplotype D (with only V419L) ( Table 3) . Haplotypes B and C have also been identified at an US army base in Seoul, Korea (Seong et al., 2010) . Haplotype D was identified in bed bug populations collected from Louiseville, KY, Los Angeles, CA and Morristown, NJ, U.S.A., in 2006, but these populations have yet to be bioassayed to check if they are resistant to pyrethroids (Zhu et al., 2010) . The equivalent V421M mutation identified in Heliothis virescens in the late 1990s was found to impart only low-level tolerance to pyrethroids (Lee et al., 1999; Lee & Soderlund, 2001) , whereas L925I has been associated with high-level resistance in whitefly, Bemisia tabaci (Morin et al., 2002) and cattle tick Rhipicephalus (Boophilus) microplus (Morgan et al., 2009 ). Significant metabolic resistance to pyrethroids has also been confirmed in some of the bed bug strains including CIN-1 (A-haplotype) and WOR-1 (C-haplotype) (Romero et al., 2009b) . Elevated transcript levels for a particular cytochrome P450 (CYP9) in pesticide-exposed C. lectularius collected during 2009 and 2010 from an apartment in Columbus, OH, that had undergone repeated insecticide treatments without successful bed bug control have been reported (Bai et al., 2011) . A similar study on a highly pyrethroid resistant (B-haplotype) field strain of C. lectularius collected in September 2008 from a group home for adult residents in Richmond, VA, also implicated a cytochrome P450 (CYP397A1) as having a prominent role in detoxification of pyrethroids (Adelman et al., 2011) .
When some of the U.S. strains were tested for resistance to DDT (Romero et al., 2007b) , an interesting pattern of mortality was observed (Table 4) with DDT giving good control of the laboratory (susceptible) and the WOR1 (C-haplotype) strain, but not CIN1 (A-haplotype) with exclusively metabolic-based resistance to pyrethroids (Romero et al., 2009b) . The susceptibility of the WOR-1 strain (with L925I and V419L) suggests that L925I, which is highly effective against pyrethroids, is not effective against DDT. This is consistent with previous work showing that the pyrethroid-binding site on the VGSC encompasses resistance-associated residues in the IIS4-S5 linker/IIS5 helix region and along the IIIS6 helix (O'Reilly et al., 2006; Usherwood et al., 2007) (Fig. 2, top panel) . Some of these mutations have also been implicated in the binding of DDT Usherwood et al., 2007; Davies et al., 2008; Davies & Williamson, 2009) . It is clear from a threedimensional (3-D) model (O'Reilly et al., 2006) of the pore region of insect VGSCs (Fig. 2, lower panel) that an L925I polymorphism, such as in the B and C haplotypes of bed bugs, would not be effective in blocking binding of DDT. This has been confirmed experimentally by showing that an L925I substitution in a Drosophila channel gives high tolerance to synthetic pyrethroids but only very low levels of resistance to DDT (Table 5 ). There is also no evidence in the scientific literature to suggest that substitutions V419L or V421M, which are both equivalent to housefly residue V410 on Domain IS6 of the VGSC, can confer cross-resistance to DDT; however, this has not been tested experimentally. DDT resistance when present in bed bugs is most likely to be metabolic in nature, possibly involving DDT dehydrochlorinase, elevated Zhu et al. (2010) and (Seong et al., 2010) . Table 4 . DDT resistance in representative bed bug samples from haplotypes described in Table 3 . glutathione-S-transferase or microsomal P450s, but again this remains to be confirmed by laboratory testing.
Fitness advantages or costs associated with pyrethroid resistance
In the highly resistant (B-haplotype) Richmond field strain of C. lectularius, which has been documented as having large numbers of upregulated genes coding for detoxification enzymes (Adelman et al., 2011; Polanco et al., 2011a) , eggto-adult survival was significantly higher and egg-to-adult developmental rates were demonstrated to be significantly Taken from Usherwood et al. (2007) .
faster than for a susceptible laboratory reference strain. Overall, under optimal conditions the resistant strain demonstrated the potential for a 35-fold increase in population density per generation over the susceptible strain (Polanco et al., 2011a) . However, the Richmond strain was also found to be much more vulnerable to mortality during starvation than susceptible bed bugs. Overall, for the Richmond strain, each developmental stage (instar or adult) survived only one-half to one-third as long as the same developmental stage in the susceptible strain (Polanco et al., 2011b) . Hardly any other studies have been conducted to assess the consequences of metabolic or target-site resistance on the fitness and longevity of different bed bug populations displaying resistance to DDT or pyrethroids, so it is difficult to predict whether this is a general phenomenon.
Current position on bed bug control
For most pest control professionals, the first defence against bed bug infestations has been primarily by intensive application of, for example, deltamethrin, lambda-cyhalothrin, cyfluthrin or phenothrin, or formulations of these pyrethroids with insect growth regulators such as hydropene (Gentrol) and/or synergists such as piperonyl butoxide (PBO) Romero et al., 2009b) . The application concentration of active pyrethroid registered for bed bug control in various commercial products is usually around 1% v/v. First generation insect growth regulators (IGRs) such as hydropene and methoprene (Naylor et al., 2008) are not generally used as stand-alone insecticides against bed bugs as, although they will kill older nymphs and may significantly affect the mortality of nymphs hatched from the eggs of treated females, they are not very effective against adults (Romero et al., 2007b) . Another disadvantage of these IGRs is that the bed bug nymphs must obtain a bloodmeal, preferably just before application of these products, for the IGRs to be effective (Doggett et al., 2011) . By contrast, a very substantial reduction in reproduction by adult female bed bugs exposed to the third generation IGR pyriproxyfen has been demonstrated (Boase, 2001 ) and this product is now being routinely used in insecticidal mixtures. The addition of synergists such as PBO (which act as inhibitors of cytochrome P450) to pyrethroids is not considered a comprehensive solution to pyrethroid resistance because strains vary in both overall resistance level and the proportion of that resistance attributable to P450s (Table 6) . Although reported difficulties in controlling bed bugs appears to be widespread (Potter, 2008b) , many pest management professionals (PMPs) still achieve satisfactory results with pyrethroids for most treatments, especially when used in combination with third generation growth regulators. Therefore, pyrethroids still ought to be considered as the first line of attack for bed bug control, unless there are obvious control failure issues such as those seen across the U.S.A. (Romero et al., 2007a; Moore & Miller, 2009) , mainly because there are few viable alternatives. Most indoor uses of organophosphate (e.g. chlorpyrifos) and carbamate insecticides, which *Resistance ratio (RR) = LC50 trial/LC50 of susceptible strain (Fort Dix). †Synergist ratio (SR) = LC50 without PBO/LC50 with PBO. Data from Romero et al. (2009b) .
often controlled bed bugs with a single treatment, are no longer legally permitted (Potter, 2008a) . Use of organophosphates is also limited by their unpleasant odour, which is generally unacceptable to owners of commercial and domestic premises. The products also contain solvents that can cause staining of some surfaces and fabrics. Currently the only carbamate registered for bed bug control is bendiocarb, available as both dust and wettable powder formulations. However, this product also has some limitations, as it is not registered for use on mattresses (Doggett, 2010) . Resistance is also an issue for the organophosphates (Feroz, 1968; Steelman et al., 2008) and carbamates Lilly et al., 2009c) . Chlorfenapyr (a pyrrole based mitochondrial inhibitor), the main alternative licensed chemistry that is increasingly being used by PMPs, is relatively slow acting in comparison with pyrethroids (Moore & Miller, 2006 Romero et al., 2007b; Haynes et al., 2008) . Recent studies found that chlorfenapyr reduced (but did not eliminate) bed bug populations , Wang et al., 2009a . These results contrast with those of a laboratorybased study that suggested chlorfenapyr should be highly effective as a control agent . Heat in the form of dry steam (104 • C) and cold treatments such as freezing using Cryonite (dry ice at −80 • C) are also increasingly being used by pest control companies. These treatments, however, are prohibitively expensive, with an NPMA-estimated cost of $500-1200 per session (Manuel, 2010) . All bed bug stages (eggs, nymphs and adults) are killed by 15 min exposure to −32 • C or 7 min exposure to 46
• C (Quarles, 2007) . Alternatively, ambient heat treatments using fans and a heat source to heat a space to 54
• C to 60
• C and holding that temperature for a sufficient time (usually about 3 h) to heat all areas within the space to 49
• C can be employed (Getty et al., 2008) , costing $500-1000 dollars per room. Portable devices that attract bed bugs using heat, carbon dioxide and a pheromone lure and then trap the insects are also being increasingly used to both detect infestations and to eliminate the bed bugs (Anderson et al., 2009; Wang et al., 2009b Wang et al., , 2011 . A limitation of some of these traps is that mated females respond negatively to aggregation pheromone and are repelled (Weeks et al., 2011) . Also the traps have a limited life-span, usually around 24 h, before active components need to be replaced. Other, physically simpler barrier (e.g., see Wang et al., 2010) or harbourage-mimicking devices (Weeks et al., 2011) (Fig. 1, lower panel) can also intercept and trap bed bugs. The efficiency of such devices in controlling infestations has not, however, been assessed by independent scientific investigation.
Complete elimination of an established bed bug population is nearly impossible to accomplish in a single visit by most PMPs, as bed bugs can hide almost anywhere and escape detection by even the most experienced inspector. Treatments usually consists of applying interior sprays and dusts to surfaces that the bed bugs crawl over to reach their host, as well as to cracks and crevices where they rest and hide (Bonnefoy et al., 2008) . Because bed bugs are relatively small, nocturnal, transient and elusive, have a propensity to seek cool dark cryptic refuges and can detect and avoid many chemicals (Harlan, 2010) , even nonresistant insects are hard to eradicate. The bed bugs favourite haunts are seams of mattresses, crevices in bed frames, headboards, behind furniture near the bed and where the wall meets the floor (Doggett, 2010) . They also live in bedding, carpets, underlay, behind or under skirting boards, between or under floorboards and inside electrical sockets. A typical harborage contains adults, nymphs, eggs, egg shells, shed skins and faeces (Romero et al., 2009c) . Distressed bed bugs release alarm pheromones that cause other bed bugs to immediately disperse (Levinson et al., 1974a, b) , so improperly carried out treatments are likely to exacerbate infestation problems, as adult bed bugs are capable of travelling over 16 feet in 5 min (Haynes et al., 2008) . As most pyrethroids have an associated excitatory flushing effect, inadequate coverage by spraying into a space rather than directly onto harbourage areas can also lead to dispersal and subsequent spread of an infestation (Doggett, 2010) . Most of the insecticides registered for bed bug control have little proven ovicidal effect and thus do not kill the eggs. To kill newly emerged nymphs, additional treatments must be undertaken, involving at least one follow-up insecticidal application. If the infestation is heavy, further inspection and treatments will be needed.
The utility of dusts to control resistant bed bugs
Dust formulations containing silica gel or diatomaceous earth (±pyrethrum and PBO) are often anecdotally cited as being more effective in controlling pyrethroid-resistant bed bugs and are therefore often favoured by PMPs. Intriguingly there is little evidence in the scientific literature of resistance to pyrethrins, in spite of their structural relatedness to the pyrethroids. Silica gel dusts containing 2% pyrethrins (pyrethrum) are more effective than diatomaceous earth, resulting in higher water loss through the insects cuticle after 10 min of exposure (Benoit et al., 2009 ). An addition of alarm pheromone [(E)-2-hexenal and (E)-2-octenal] to the pyrethrumcontaining silica gel dust, to mobilize bed bugs to leave their harbourage and walk through the dessicant, can further enhance the efficacy of the dust (Benoit et al., 2009) . In a recent laboratory trial, exposure of different bed bug haplotypes (resistant and non-resistant) to commercially available synthetic pyrethroid dusts unexpectedly gave highly effective control (Romero et al., 2009a) , in spite of reported failures with the equivalent liquid formulations. Tempo (1% cyfluthrin, 0.28% silica quartz) killed all bed bugs from both non-resistant and highly resistant populations within 24 h. DeltaDust (0.05% deltamethrin and 5% silica quartz, calcium carbonate) had a similar rapid effect against pyrethroid-susceptible populations (Ft. Dix and LA-1), but took up to 2 weeks to kill resistant strains (CIN-1 and NY-1). Drione [40% amorphous silica gel, 1% pyrethrins (pyrethrum), 10% PBO, 49% petroleum distillate] also resulted in 100% mortality of the resistant populations within 72 h. Dusts may therefore prove a viable alternative for the control of resistant bed bugs.
Future prospects
If bed bug infestations continue to spread and become a pandemic, the economic and environmental consequences could be severe. A bed bug pandemic could potentially result in costs running into billions of dollars as a result of the need to replace large quantities of discarded electrical equipment (computers, TV's, radios etc.) and soft furnishings (mattresses, carpets, rugs and upholstered furniture), to launder or dry-clean clothes and to pay for the services of extermination specialists. A corresponding high cost to the environment can also be envisaged, as a consequnce of a huge demand on natural resources required to manufacture new goods to replace those lost; electricity and gas consumption to heat water to 60
• C for washing clothes and bed linen, to power clothes dryers, steam cleaners and high temperature (54 • C) heaters; and the increased use of toxic chemicals and the need to deal with all the waste generated from discarded items. Commercial poultry production could also be detrimentally affected by bed bugs, as poultry and egg production is rapidly expanding worldwide to meet the needs of an increasing human population (Axtell, 1999) . Over the past 10 years the global poultry industry has been growing at around 4% per year and this trend is likely to continue into the foreseeable future. Bed bugs have been reported as pests of poultry for over 60 years (Kulash & Maxwell, 1945) . They are generally found in breeder flocks or other floor-housed birds, where an infestation can pose serious problems (Axtell & Arends, 1990) as they can hide in nests, behind nest boxes, under loose boards, and in cracks around the walls, roosts, and roofs of buildings. The control of bed bugs within poultry facilities is therefore particularly challenging (Axtell, 1999) and requires thorough cleaning of the facilities and associated equipment followed by insecticide application. Surprisingly to date there are no reports of pyrethroid resistance associated with bedbugs from poultry houses, in spite of reports of high levels of pyrethroid resistance in other pests that frequent these facilities such as filth flies (Scott et al., 2000) , Northern fowl mites (Mullens et al., 2004) , red poultry mites (Beugnet et al., 1997) , fleas and lesser mealworms (Hamm et al., 2006; Lambkin & Furlong, 2011) . This implies that poultry houses are unlikely to be the source of the current pyrethroid-resistant bed bug haplotypes now being increasingly encountered in residential settings, although this has still to be confirmed by experimental testing. It is clear that at the present time we cannot rely solely on new chemistries to solve the bed bug crisis. The prohibitive cost of insecticide development means that tailored products are unlikely to be produced for bed bug control. Chlorfenapyr (Phantom™), a relatively new insecticide, is slow acting and has been shown in recent trials to be largely ineffective (Doggett et al., 2011) . It is now being widely used through the U.S.A., but significantly it only delivers good control when used in conjunction with a fast kill product such as a pyrethroid. Mixtures of neonicotinoid insecticides such as acetamiprid or imidacloprid with pyrethroids (bifenthrin, beta-cyfluthrin), and third-generation neonicotinoids such as dinotefuran have been demonstrated to have good residual activities against bed bugs. Temprid™ (imidacloprid with beta-cyfluthrin), Transport™ (acetamiprid with bifenthrin) and Alpine dust™ (0.25% dinotefuran with 99.75% Diatomaceous Earth) have recently been given a bed bug label. A request for 'special exemption' for the controlled use of the carbamate propoxur in very defined indoor sites is currently under consideration by the U.S. Environmental Protection Agency. This carbamate is widely used in commercial settings in the U.S.A. and was once approved for use in residential environments. Indoxacarb, an oxadiazine active for cockroach control, is also likely to be granted a license for bed bug use in the near future. As this insecticide has a different mode of action (MOA) (owing to a different binding site on the sodium channel) it is unlikely to be affected by pre-existing resistance in bed bug populations.
Dust formulations with a long residual effect appear to be more effective against resistant bed bugs than liquid formulations and may prove a viable control option in the short term, if used as part of an integrated pest management (IPM) programme such as that outlined by Stephen Doggett in his Code of Practice for the Control of Bed bug Infestations in Australia, published in 2010 (3rd edn) and the European Code of Practice -Bed Bug Management (Madge, 2011) . The aim of such COP programmes is to maximize the control of bed bug infestations using multidisciplinary control methods to prevent pest entry and limit access to food and shelter, combined with educating management, staff and residents of premises on how to identify a problem and the need to take prompt action when an infestation is suspected and training pest control professionals in proper and efficient application of treatments so that infestation problems are not exacerbated. It will be crucial that resistance is not used as an excuse for treatment failure as a result of improperly managed treatments. Evidence now indicates that poor pest management practice has been a major contributing feature in the degree of the resurgence (Doggett et al., 2011) . Poor pest management can be directly linked to inadequate training of technicians in controlling insecticide-resistant bed bugs. Rapid resistance diagnosis is also a primary requirement for any IPM programme and it is imperative that pesticide efficacy studies be conducted on as many field-collected strains as possible, especially in view of the fact that bed bugs are now international travellers. Rapid cross-border dispersal of populations with differing chemical histories and selection pressure must be tracked in order to provide the best advice to PMPs on which treatments should be applied in any given locale.
Currently, very few insecticides with differing MOA are registered for bed bug control, making it difficult to formulate an effective insecticide resistance management strategy. Regular rotation of insecticides from different MOA groups can significantly delay the onset of resistance, and should be implemented by PMPs as standard practice. To further assist in reducing the development of insecticide resistance, non-chemical methods of bed bug control should be integrated with chemical control methods. It should be noted that most non-chemical means of control if used in isolation will not be capable of eliminating an established infestation. Proven nonchemical measures (Doggett, 2010; Doggett et al., 2011) include vacuuming to remove as many bed bugs as possible from the room, the use of approved bed bug barriers (such as the 'BB Secure Ring', 'BB Stop' and the 'Climbup Insect Interceptor') on bed legs to stop bed bugs climbing onto the bed and feeding, combined with the use of mattress encasements with a bite proof membrane. The use of mattress protectors impregnated with permethrin [commonly used to combat dust mites and associated allergies (Cameron & Hill, 2002) ] and the commercial use of such insecticide impregnated covers in hotel premises to guard against bed bug infestations (Ballard, 2008) should be discouraged, as they are likely to further exacerbate the resistance problem, because of exposure of bed bugs to sub-lethal doses of the insecticide. Such products have been demonstrated to be largely ineffective at controlling a modern Australian pyrethroid-resistant strain (Lilly et al., 2009c; Doggett et al., 2011) . Educating travellers to recognize bed bugs and avoid carrying them from place to place in infested luggage; providing guidance to accommodation providers in how to make rooms less bed bug friendly; ensuring that correct linen handling procedures are in place to avoid the dispersal of bed bugs; encouraging individuals and businesses to be pro-active in monitoring for and detecting infestations early; establishing aggressive treatments plans to eliminate (not just reduce) bed bug outbreaks using approved pest control professionals and COP recognized treatment methods and ensuring follow-up inspections to make sure the bed bugs are really gone are all essential elements of an integrated pest management approach. Consistent IPM messages and education based on best practice will remain the key means by which bed bugs will be combated into the future.
